opposes the increase in blood pressure which occurs during exercise, we hypothesized that functional Cx40 in the endothelium may also be necessary for adequate blood pressure regulation during exercise. Thus, disruption of endothelial Cx40 function may lead to exercise-induced hypertension and provide a model in which to study this condition.
Unfortunately, the current mouse models are not suitable to address this hypothesis. Global deletion of Cx40 (Cx40ko) or replacement of the endogenous Cx40 gene coding sequence with either Cx45 or a nonfunctional mutant Cx40A96S produces hypertension that is predominantly renal in origin. [7] [8] [9] [10] Loss of functional Cx40 from the cardiac conduction system also results in arrhythmia. 11, 12 Interestingly, mice carrying an endothelial-specific deletion of Cx40 are reportedly normotensive 13 ; however, the effect of activity was not investigated. Our laboratory recently developed the Cx40T202STg mouse, which expresses an endothelial Cx40 mutant that permits electric, but not chemical transfer through gap junctions.
14 As ascending vasodilation relies on electrotonic transmission of EDH, these mice were also not suitable for investigating the role of Cx40 in exercise-dependent blood pressure regulation.
We have therefore developed a novel transgenic mouse expressing a mutant form of Cx40, Cx40T152A, alongside endogenous wtCx40, specifically within the vascular endothelium, a situation analogous to the heterozygous expression of mutant genes in the human population. Substitution of this highly conserved threonine has been described in Cx26, Cx37, Cx43, and Cx50, where it produces structurally sound, yet electrically impaired gap junctions that act as a dominantnegative toward their respective endogenous Cx isoforms. 15, 16 The functional importance of this region is underscored by x-ray crystallography, which shows that the conserved threonine contributes to hemichannel stability by likely forming a hydrogen bond with a similarly conserved histidine, H95, in the second transmembrane domain ( Figure S1 in the online-only Data Supplement). 17 Interestingly, atrial fibrillation is associated with mutation of the neighboring residue, Cx40A96S, in humans, 18, 19 while mice globally expressing Cx40A96S exhibit atrial fibrillation, renal hypertension, and attenuation in ascending vasodilation without change in Cx37 expression. 10, 20, 21 When expressed in vitro, the Cx40A96S mutant forms electrically impaired gap junctions that act as a dominant-negative toward wtCx40. 18 We hypothesized that endothelial-specific expression of Cx40T152A would interfere with endogenous wtCx40, leading to impairment of ascending vasodilation and onset of exercise-induced hypertension, making the Cx40T152ATg mouse a suitable model in which to study the cardiovascular sequelae of this condition.
Methods
Experiments were conducted on male, C57BL/6 mice (8-16 weeks). Electric and chemical conductance, EGFP, Cx37, and Cx40 expression and physiological function were measured as described previously. 14, 22, 23 Blood pressure was measured using tail cuff plethysmography and telemetry.
Detailed Methods are available in the online-only Data Supplement.
Results

Cx40T152A Mutation Impairs Electric and Chemical Conductance In Vitro
Electric conductance through Cx40T152A hemichannels expressed in Xenopus oocytes was significantly impaired, relative to wtCx40 hemichannels, and could not be rescued by cotransfection with wtCx40 ( Figure 1A ). Cx40T152A also did not form electrically patent gap junctions, even in heterotypic combination with wtCx40 ( Figure 1B ). Only when mutant Cx40T152A/wtCx40 heteromeric channels in one cell were paired with wtCx40 channels in another was conductance restored (wtCx40:wtCx40+Cx40T152A; Figure 1B ). In contrast, heterotypic pairing of Cx40T152A (either homomeric or heteromeric with wtCx37) with wtCx37 rescued gap junction conductance ( Figure 1C ). Chemical conductance was assessed by introducing stably transfected mouse coronary endothelial cells (MCECs), which endogenously express Cx43, Cx45, and low levels of Cx37 onto monolayers of untransfected MCECs or MCECs transfected with wtCx37. Transfection of MCECs with wtCx40 significantly increased, whereas transfection with Cx40T152A significantly reduced chemical coupling relative to empty vector ( Figure 1D ; untransfected monolayer). In contrast, transfection with either wtCx40 or Cx40T152A significantly increased coupling of MCECs with monolayers transfected with wtCx37, relative to empty vector ( Figure 1D ; wtCx37 monolayer).
Together, the results demonstrate that hemichannels and gap junctions composed of Cx40T152A lack electric and chemical conductance in vitro. Furthermore, Cx40T152A hemichannels act as a dominant-negative in heterotypic combination with wtCx40, wtCx43, and wtCx45, but not wtCx37.
Cx40T152A Is Expressed in the Arterial Endothelium In Vivo
As wtCx40 and Cx40T152A protein cannot be distinguished using currently available antibodies, Cx40T152A expression was assessed with the independently translated EGFP reporter. 24 Western blotting showed that EGFP was expressed in mesenteric arteries of Cx40T152ATg, but not wildtype mice ( Figure S2 ), whereas immunohistochemistry confirmed localization to the endothelium (Figure 2A ).
Endothelial expression of Cx37 or Cx40 in mesenteric arteries did not differ between Cx40T152ATg and wildtype mice; Cx43 was absent in both genotypes ( Figure 2B-2D) , nor was there any change in endothelial dimensions ( Figure  S3 ). In contrast, endothelial cells of Cx40ko mice, which lack both Cx37 and Cx40, 14 were reduced in both length and area ( Figure S3 ).
Endothelial Cx40T152A Expression Does Not Affect Myoendothelial Coupling In Vitro
During the myogenic response, myoendothelial coupling mediates a negative feedback activation of nitric oxide (NO) and EDH to prevent overconstriction. [25] [26] [27] In both wildtype and Cx40T152ATg arteries, inhibition of NO (100 μmol/L L-NAME+100 μmol/L hydroxocobalamin) caused a leftwards shift of the myogenic response curve ( Figure 3A and B), with a further shift after incubation in TRAM-34 (1 μmol/L), and UCL1684 (1 μmol/L), to block, respectively, the IK Ca and SK Ca channels that underpin EDH. 28 There were no differences in curve fits, vessel characteristics (Table S1 ), or time controls ( Figure S4 ) between wildtype and Cx40T152ATg arteries.
Results show that endothelial expression of Cx40T152A in vivo does not alter the sensitivity of Cx40T152ATg arteries to intraluminal pressure, nor impair the local myoendothelial feedback activation of either NO or EDH. Thus, myoendothelial coupling appears to remain intact, perhaps as a result of the dependence on Cx37, which is unaffected by mutant Cx40T152A expression.
Endothelial Expression of Cx40T152A Attenuates Ascending Vasodilation In Vivo
To test the effect of Cx40T152A on endothelial coupling, ascending vasodilation after focal ACh application was measured in vivo in cremaster arterioles of Cx40T152ATg, wildtype, and Cx40ko mice.
No difference in vascular tone existed among the genotypes at the local or remote sites ( Figure 3C ). As D max was smaller for Cx40ko arterioles (Table S2) , the amplitude of vasodilation was normalized to D max . Ascending vasodilation in wildtype arterioles spread unattenuated for 1.5 mm, whereas vasodilation was significantly reduced in both Cx40T152ATg and Cx40ko arterioles ( Figure 3D ; P<0.05; 2-way ANOVA; Bonferroni post-tests).
Results show that expression of Cx40T152A impairs endothelial coupling and attenuates ascending vasodilation to the same extent as complete loss of endothelial Cx40. Because Cx37 function remains intact in Cx40T152ATg but not in Cx40ko mice, the data suggest that Cx37 cannot rescue the deficit in endothelial coupling.
Endothelial Expression of Cx40T152A Increases Blood Pressure During Day and Night
Daytime measurement of systolic blood pressure (SBP; tail cuff plethysmography) showed that Cx40T152ATg mice had significantly higher SBP than wildtype mice (P<0.05; Figure S5 ). This effect was transgene-specific because SBP of Cx40T152ATg/LacI R mice was significantly lower than Cx40T152ATg mice ( Figure S5 ), consistent with reduction in transgene expression in these mice. 24 No difference was found in plasma renin concentration (Cx40T152ATg: 631.8±60.2 AngI (ng/mL/h), n=15; wildtype: 543.9±40.7 AngI (ng/ mL/h), n=16).
Radiotelemetry in freely moving mice, subjected to 12/12 hours light/dark pattern revealed significantly higher SBP in Cx40T152ATg than wildtype mice in both day and nighttime (Table 1) . Daytime heart rate of Cx40T152ATg mice was significantly faster than wildtype, consistent with significantly higher activity (Table 1 ), resulting from increased activity level, rather than time spent in activity ( Figure S6 ). Heart rate and activity were significantly higher at night than day in both genotypes, without significant difference between them (Table 1; Figure S6 ). SBP of Cx40ko mice was significantly higher than Cx40T152ATg and wildtype mice during day and night, without difference in heart rate ( Table 1) .
In the absence of activity, SBP of Cx40T152ATg mice was significantly higher than wildtype mice during the day, without change in heart rate ( Table 1) . SBP remained significantly higher in Cx40ko than in wildtype and Cx40T152ATg mice (Table 1) .
Endothelial Expression of Cx40T152A Leads to Activity-Dependent Hypertension
To investigate the effect of activity, the change in SBP from rest was plotted as a function of activity during day and night. Absolute blood pressure measurements with activity are shown in Figure S7 .
The change in SBP with increasing activity was significantly greater in Cx40T152ATg and Cx40ko mice than in wildtype during day and night ( Figure 4A ). In all 3 genotypes, there was a significant decrease at night in the maximum change in SBP as a result of activity (Table S3) .
In wildtype mice, the maximum change in heart rate in response to activity also decreased at night; however, there was no diurnal difference in Cx40T152ATg mice (Table S3) . During the day in Cx40ko mice, the change in heart rate with activity was significantly decreased relative to both wildtype and Cx40T152ATg mice ( Figure 4B ), whereas this relationship increased significantly at night compared with day (Table S3 ). A linear relationship existed between heart rate and SBP when plotted for all activity levels in wildtype mice; this relationship was shifted to higher pressures in Cx40T152ATg and Cx40ko mice ( Figure 4C ). Means of both day and nighttime heart rates were higher in Cx40T152ATg than wildtype mice ( Figure 4C ).
Results show that endothelial expression of Cx40T152A produces activity-dependent hypertension caused by significant changes in heart rate in response to activity. During established hypertension in Cx40ko mice, there was a chronic change in the sensitivity of the relationship between heart rate and activity during both day and night.
Discussion
We have developed the first animal model of activity-dependent hypertension by expressing a nonfunctional Cx40 mutant, Cx40T152A, alongside native Cx40, specifically within the vascular endothelium. These mice experience endothelial dysfunction through impairment of ascending vasodilation, which likely increases peripheral resistance during activity. We show that (i) Cx40T152A forms electrically and chemically impaired gap junctions, (ii) Cx40T152A can act as a dominant-negative in heterotypic combination with wtCx40, wtCx43, and wtCx45, (iii) conductance of Cx40T152A is restored by Cx37, (iv) endothelial expression of Cx40T152A in vivo impairs ascending vasodilation to the same extent as deletion of Cx40, without affecting myoendothelial coupling, and (v) endothelial expression of Cx40T152A augments activity-dependent elevation in blood pressure and alters the relationship between heart rate and activity. Together, these data define a critical role for endothelial cell coupling through Cx40 in activity-dependent vasodilation and the development of activity-dependent hypertension, further highlighting how limited perturbation of selective endothelial connexins can profoundly affect cardiovascular function.
The ability of Cx40T152A to form nonfunctional hemichannels and gap junctions and to act as a dominant-negative against native Cx40 is in line with similar effects after equivalent threonine substitutions in Cx26, Cx37, Cx43, and Cx50. 15, 16 These data underscore the importance of this region to channel integrity: rescue of Cx40T152A function by Cx37 providing clear evidence for insertion of the mutant channel into the cell membrane. In Cx40T152ATg mice, the TIE2 promoter directed transgene expression to the vascular endothelium, as evidenced by the cotranslated EGFP reporter. In contrast to Cx40ko mice, 29 no change was found in endothelial Cx37, providing further evidence of the dependence of Cx37 expression on membrane-bound Cx40. 20, 30 Despite Cx40T152A lacking both chemical and electric conductance, myoendothelial feedback production of NO and EDH was intact in mesenteric arteries from Cx40T152ATg mice. This contrasts with the absence of an EDH component of the myogenic response in the Cx40T202STg mouse, which expresses a chemically impaired Cx40 mutation in the vascular endothelium, and the Cx40ko mouse, which lacks Cx40. 14 The presence of EDH in arteries of Cx40T152ATg mice is likely because of restoration of chemical coupling through the combination of endothelial Cx40T152A hemichannels with Cx37 expressed within the vascular smooth muscle. 31, 32 In contrast to the situation at the myoendothelial gap junction, ascending vasodilation in skeletal muscle arterioles of Cx40T152ATg mice was attenuated to a similar extent as in Cx40ko mice, despite the presence of native Cx40 in Cx40T152ATg arterioles. Given the dominant-negative effect of Cx40T152A on wtCx40 in hemichannels, these data make it likely that gap junctions in vivo are composed of nonfunctional, heteromeric Cx40T152A/wtCx40 hemichannels. The severe impairment to ascending vasodilation confirms the crucial role for Cx40 in the longitudinal transfer of EDH underpinning ascending vasodilation and functional hyperemia. 5 Perfusion of coronary and skeletal muscles could therefore be compromised during exercise in Cx40T152ATg mice, thus reducing the normal decrease in peripheral resistance accompanying activity. As Cx37 expression remains normal in Cx40T152ATg arterioles but is severely attenuated in Cx40ko arterioles 23 and because Cx37 can rescue the function of Cx40T152A channels, it is unlikely that heterotypic gap junctions between Cx37 and Cx40 play any role in the longitudinal transmission of EDH. As expected for nocturnal animals, SBP and heart rate were significantly elevated at night in both wildtype and Cx40T152ATg mice, although the increases were significantly greater in Cx40T152ATg mice. This difference resulted from the Cx40T152A transgene because SBP was significantly lower in Cx40T152ATg/LacI R mice, where transgene expression was significantly reduced. 24 In the absence of activity, Cx40T152ATg mice showed a modest increase in blood pressure relative to wildtype mice during the day, but not at night, without significant change in heart rate, consistent with an increase in peripheral resistance.
To study the effect of activity, changes in SBP and heart rate were assessed in each genotype from corresponding levels in the absence of activity. During the day, Cx40T152ATg mice exhibited significantly higher SBP in response to activity relative to wildtype mice, without change in the heart rateactivity relationship, but with significant increase in the mean daytime activity level. In contrast, in Cx40ko mice, which experience persistent renin-dependent hypertension, 7, 13, 33 the heart rate increase during activity was attenuated, consistent with a chronic resetting of the baroreflex to adapt to higher systemic pressures, as occurs in human patients with established hypertension.
34 Figure 4 . Perturbation of diurnal blood pressure/ heart rate-activity relationships in Cx40T152ATg mice. One-phase decay curves fitted to day and night relationships between activity and change in systolic blood pressure (SBP; A) and heart rate (B) from rest for wildtype (blue; n=7), Cx40T152ATg (orange; n=7), and Cx40ko (green, n=4) mice. Data represent means±SEM for each activity level. C, Heart rate-SBP relationship over all activity levels (0-35 CPM). Black points represent average (±SEM) heart rate/SBP for each genotype. * †P<0.05 denotes significance of maximum, relative to wildtype mice, Cx40T152ATg mice, respectively.
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A diurnal decrease in the activity-dependent increase in blood pressure was apparent at nighttime in all 3 genotypes; however, SBP remained significantly higher in response to activity in Cx40T152ATg and Cx40ko, relative to wildtype mice. This increase was associated with a significant increase in the heart rate response to activity in Cx40T152ATg mice, without change in activity level, suggestive of an acute change to the baroreflex during activity. Acute resetting of the baroreflex is known to occur during exercise to enable operation under higher pressures and to minimize the effects of hypertensive stimuli. 35, 36 A major difference between human patients with established hypertension and those with exercise-induced hypertension is the relationship between cardiac output and exercise. Established hypertension is associated with a smaller change in heart rate in response to activity relative to normotensive individuals, as a long term adaptation to increased blood pressure. 3 Those patients with exercise-induced hypertension typically have not undergone this chronic adaptive cardiac response, despite an elevation in peripheral resistance during exercise. 3 Analysis of the nighttime heart rate-SBP relationship across all activity levels in Cx40T152ATg mice showed a parallel shift to higher pressures relative to wildtype mice, coupled with an increase in mean heart rate, in spite of similar activity levels. The comparable shift in the heart rate-blood pressure curve for Cx40T152ATg mice during the day may be simply explained by the higher activity levels of Cx40T152ATg mice compared with wildtype mice at this time. As expected during established hypertension, the heart rate-SBP relationship for Cx40ko mice was chronically reset to higher pressures during the day and night. We speculate that during exercise-induced hypertension, there is an acute resetting of the baroreflex to higher heart rates and blood pressures to partially compensate for increased peripheral resistance during activity.
Perspectives
Endothelial dysfunction in otherwise normotensive humans contributes to exercise hypertension, suggested as a forerunner to clinical hypertension. We have generated mice in which electrical and chemical cell coupling through endothelial Cx40 is disrupted by introducing a mutant Cx40 transgene into the native endothelial Cx40 population. This mouse model shows activity-dependent hypertension and attenuation of ascending vasodilation, providing the first evidence of a link between endothelial Cx40 function and the regulation of blood pressure during exercise. The similarity in defects reported here for the Cx40T152A mutation with those reported for the human Cx40A96S
18,20 suggests a common underlying mechanism, likely resulting from disruption of hydrogen bonding between T152 and H95. 17 The Cx40T152ATg mouse thus provides a useful tool for future investigations into the cardiovascular pathologies associated with exercise hypertension and the potential for this condition to be used as a prognosis for the development of clinical hypertension.
What Is New?
• We have created a novel mouse model of activity-dependent hypertension by introducing an electrically and chemically defective mutant Cx40T152A into the vascular endothelium.
What Is Relevant?
• Our studies define a crucial role for endothelial cell coupling through Transgenic animals: Cx40T152ATg and Cx40T152ATg/LacI R transgenic mice were generated as described previously in a C57BL/6 background with transgenes expressed under control of the endothelial specific TIE2 promoter 1 . Wildtype litter mates were used as controls. Breeding pairs of global Cx40ko mice were kindly provided by Dr A.M Simon 2 . PCR was performed on genomic DNA and used to distinguish Cx40T152ATg mice from wildtype controls using the following primers: Forward: 5'-CCA GGG CAC CCT ACT CAA CG-3' and reverse: 5'-GCT TTA CTT GTA CAG CTC GTC CAT-3', targeted to amplify a 2064bp fragment located between the Cx40T152A point mutation (forward) and a region within the EGFP reporter gene (reverse). The following PCR protocol was used: 95°C for 3 minutes, followed by 35 cycles of 95°C for 20s, 70°C for 20s and 72°C for 2 minutes, a single cycle of 72°C for 10 minutes and an indefinite cool to 25°C. Amplicons were resolved on 1% agarose gels in 1x TAE Buffer (40mmol/L Tris, 20mmol/L acetic acid, 1mmol/L EDTA) and run against a GeneRuler 1kb Plus DNA Ladder. The presence of the LacI R transgene was verified in Cx40T152ATg/LacI R transgenic mice using PCR primers as described previously 1 . Cx40ko mice were genotyped as described previously Hemichannel function: Xenopus oocytes were harvested and prepared as described previously 4 . Single Xenopus oocytes were transfected with 40nl of a solution containing 20-25ng total mRNA corresponding to wtCx40 or Cx40T152A alone, or in combination. Untransfected oocytes were used as control. All oocytes were also injected with 5ng of an anti-sense Cx38 oligonucleotide (5' CTG ACT GCT CGT CTG TCC ACA CAG 3') 5 . Oocytes were clamped with two glass electrodes filled with 2mol/L KCl (pipette resistance 0.5-3MΩ) at a holding potential of -50mV in ND96 + recording buffer (96mmol/L NaCl, 2mmol/L KCl, 1mmol/L MgCl 2 , 1mmol/L CaCl 2 , 5mmol/L HEPES, NaOH to pH 7.4), before superfusion of ND96 -buffer (ND96 containing 10mmol/L EGTA and no CaCl 2 ) for 15 minutes to induce the opening of hemichannels. Current was measured during 50ms voltage steps from -140 to +40mV in 20mV increments. Residual endogenous conductance was measured in oocytes transfected with anti-sense Cx38 alone and subtracted from the conductance measured in oocytes transfected with the various Cx40-type mRNA. Experiments were replicated on multiple oocytes collected from four different donor females and using fresh RNA preparations to rule out variations in oocyte populations or RNA contamination and/or degradation producing false negatives.
Gap junction function:
Electrical function of Cx40T152A gap junctions was tested as described previously 6 using Xenopus oocytes that had been transfected with 3-5ng antisense Cx38 RNA and either 46ng total RNA for wtCx40, Cx40T152A or wtCx37 alone, or in combination (23ng each). Untransfected cells were used as control. Both oocytes were voltage clamped to -20mV and one oocyte subjected to a 500ms -10mV pre-pulse, followed by 5s voltage steps from -120mV to +80mV, in 10-20mV increments.
Immunohistochemistry: Expression of the Cx40T152A transgene in mice was measured using the EGFP reporter protein, transcribed from the same transgenic construct, but translated independently from Cx40T152A due to an internal ribosome entry sequence 1 .
For EGFP detection, mice were anaesthetised with 5% isoflurane vaporised in 6-8mL oxygen prior to decapitation by guillotine. The mesenteric arcade was removed and placed in ice cold PBS before being stripped of fat. The arteries were submerged in 2% paraformaldehyde (PFA, 2% (w/v) PFA, 100mmol/L Sodium Phosphate buffer, pH 7.3-7.4) containing 0.1% (w/v) NaNO 2 for 10 minutes. Tissue was washed for a further 10 minutes in cold PBS then cryoprotected in 30% (w/v) sucrose in PBS at 4°C for 16 hours. Tissues were embedded in Tissue TekOCT (Sakura Fintek USA, Torrance, CA), frozen and cut into 30μm sections using a cryostat. Sections were placed on microscope slides coated with 2% (v/v) silane (3-aminopropyltriethoxysilane in acetone) and dried over phosphorus pentoxide (P 2 O 5 , UniLab), under vacuum for 25 minutes. To rehydrate cryosections and block non-specific sites, the tissue sections were submerged in 2% (w/v) BSA in PBS containing 0.2% (w/v) Triton X-100 and 0.04% (w/v) sodium azide for 30 minutes at room temperature. Rabbit anti-GFP (1:1000, Invitrogen) was incubated for 16 hours at room temperature in 2% (w/v) BSA in PBS containing 0.2% (w/v) Triton X-100 and 0.04% (w/v) sodium azide. Sections were washed with 4x PBS washes for 10 minutes each. Donkey anti-rabbit-AF488 (1:400, Invitrogen) was incubated for 1.5 hours at room temperature in PBS containing 0.01% (w/v) Triton X-100. Sections were washed with 4 PBS washes for 10 minutes each. To shift the auto-fluorescence of the internal elastic lamina (IEL) to a longer wavelength, sections were stained with 0.01% (w/v) Pontamine Sky Blue dye for 3 minutes. Sections were then washed with PBS for 15 minutes prior to mounting in buffered glycerol.
For connexin detection, mice were anaesthetised with 5% isoflurane vaporised in 6-8ml oxygen and given an intraperitoneal injection of 25mg/kg ketamine and 5mg/kg xylazine in saline solution. Mice were then perfused for 3 minutes at 60mmHg with a saline solution containing 0.1% (w/v) BSA, 0.1% (w/v) NaNO 3 and 5U/ml heparin. During this time the mesenteric artery arcade was spread out to avoid fixation in an inaccessible orientation. The perfusion solution was then switched to 2% PFA containing 0.1% (w/v) NaNO 2 for 9 minutes, after which the mesenteric arteries were removed and the fat surgically (1:100 each), or rabbit anti-Cx43 (1:250; Invitrogen) were incubated in PBS containing 2% (w/v) BSA, 0.2% (v/v) Triton X-100 and 0.04% (w/v) sodium azide for an initial period of 2 hours at 37°C, followed by 48 hours at room temperature. Tissue was washed 4 times with PBS for 10 minutes each. Donkey anti-sheep-AF568 (1:300, Invitrogen) or goat anti-rabbit-AF568 (1:300; Invitrogen) was incubated in PBS containing 0.01% (v/v) Triton X-100 for 1.5 hours at room temperature. Tissue was washed 4 times with PBS for 10 minutes each. To stain nuclei, 15μmol/L 4',6-diamidino-2-phenylindole (DAPI, Sigma) in PBS was applied for 3 minutes. Tissue was then washed in PBS and mounted in buffered glycerol.
All confocal images were taken with a Leica SP2 confocal scanning microscope using identical acquisition settings for each antibody to limit variation between tissues and genotypes. Images were quantified using ImageJ software (National Centre for Biotechnology Information).
Western blotting: Mice were anaesthetised with isoflurane, decapitated, and mesenteric arteries were removed and stripped of fat in ice cold phosphate buffered saline (PBS) prior to being snap frozen in liquid nitrogen. Frozen tissues were pulverised under liquid nitrogen in the presence of 100µl of frozen extraction buffer (37mM TRIS, 0.5% lithium dodecyl sulphate, 2.5% glycerol, 0.13mM EDTA, 0.06mM SERVA blue G250, 0.04mM phenol red, 50mM DTT, 1X cOmplete mini Protease Inhibitor Cocktail [Roche], pH 8.5). Frozen extracts were allowed to thaw on ice and the resulting liquid extract was transferred to a plastic sample tube. The remaining sample was washed from the mortar using a further 50µl of sample buffer and recovered into the same plastic sample tube. Extracts were then heated at 70 o C for 5 min, vortexed and heated for a further 5min before being stored at -20 o C until analysis.
Proteins were resolved by SDS denaturing electrophoresis on NuPAGE® 4-12% BIS-TRIS gradient gels using NuPAGE® MES buffer according to the manufacturer's recommended protocols (Invitrogen). Proteins were transferred onto PVDF membranes at 180mA in NuPAGE® transfer buffer for 4h at room temperature.
Membranes were recovered, and air dried at room temperature for 1h. Membranes were rehydrated with 100% methanol, followed by 50% methanol in PBS for 5 minutes each. Membranes were then blocked with 2% BSA in PBS for 1 hour at room temperature. Membranes were washed 6 times with PBST (PBS, 0.05% Tween-20) for 10 minutes each. Primary antibody: mouse anti-GFP monoclonal IgG1 (kindly supplied by Jan Elliot, Research School of Biology, Australian National University), mouse anti-α-smooth muscle actin (αSMA, Sigma): was applied to the blot (1:1000 anti-GFP; 1:10000 anti-αSMA; diluted in 2% BSA in PBST) for 16 hrs at 4°C. Membranes were washed 6 times with PBST for 10 minutes. Secondary antibody (goat anti-mouse HRP conjugate, Millipore) was applied to the blot (1:2000 for EGFP; 1:10000 for αSMA; diluted in 2% BSA in PBST) for 2h at room temperature. Membranes were washed 6 times in PBST, followed by 1 wash in PBS, each for 10 minutes. Signal was developed using Immobilon Western chemiluminescent substrate according to the manufacturer's recommended protocol (Millipore). Image recording was performed on a LAS1000 system (Fujifilm). The EGFP +ve control was from a mouse expressing an EGFP tagged with a nuclear localization signal and the EGFP protein therefore has a slightly higher molecular weight than standard EGFP.
Pressure Myography: Mice were anaesthetised with 5% isoflurane vaporised in 6-8mL oxygen prior to decapitation and the ileum placed in ice cold Krebs solution (120mmol/L NaCl, 5mmol/L KCl, 25mmol/L NaHCO 3 , 2mmol/L MgSO 4 , 1mmol/L NaH 2 PO 4 , 2mmol/L CaCl 2 , 11mmol/L glucose). The fat surrounding a 3 rd order mesenteric artery was surgically removed and the vessel was cannulated onto glass micropipettes in a chamber containing calcium-free Krebs solution. The vessel was then pressurised to 10mmHg and the initial length was measured. The intraluminal pressure was then slowly increased to 110mmHg whilst stretching the vessel to prevent kinks. Each vessel was stretched, on average, by ~38%. Pressure was then decreased to 50mmHg and the vessel superfused with calcium-containing Krebs gassed with 5% CO 2 in air and equilibrated at 37°C for 1 hour to allow development of myogenic tone. Following equilibration, the myogenic response protocol, consisting of 6 successive pressure steps of 10, 30, 40, 50, 70 and 90mmHg, was performed. Active diameter was measured following artery stabilisation (~6 minutes) using the line detection software Diamtrak 8 . To measure passive diameter, the vessel was subjected to the same 6 successive pressure steps in the presence of calcium-free KREBS supplemented with 10mmol/L EGTA. NO was blocked using L-NG-Nitroarginine Methyl Ester (L-NAME; 100µmol/L, SigmaAldrich) and hydroxocobalamin (100µmol/L, Sigma-Aldrich). EDH was blocked using UCL1684 (1µmol/L, Tocris Bioscience) and TRAM-34 (1µmol/L, Tocris Bioscience) which block SK Ca and IK Ca channels, respectively.
Ascending Vasodilation: Mice were anaesthetised intraperitoneally (1mg/kg medetimidine, 10mg/kg midazolam, Pfizer; 0.1mg/kg fentanyl, Mayne Pharma Ltd) followed by continuous infusion via a jugular vein catheter (medetomidine 0.02mg/hour, midazolam 0.2mg/hour and fentanyl 0.002mg/hour). The arterioles of the right cremaster muscle were visualised by spreading the muscle over a coverslip and superfusing the preparation with physiological salt solution containing in 118.4mmol/L NaCl, 3.8mmol/L KCl, 25mmol/L NaHCO 3 , 1.2mmol/L KH 2 PO 4 , 1.2mmol/L MgSO4, 2.5mmol/L CaCl 2 .2H 2 O), gassed with 5% CO 2 in N 2 , pH7.4, at 34°C. Vessels without side branches were identified for measurements. Acetylcholine (ACh, 1mol/L, Sigma-Aldrich) was applied ionophoretically from a micropipette (tip diameter, 1μm, 500nA, 1s) located adjacent to the vessel surface (retaining current, -200nA). Change in vessel diameter was measured at the local site, and at 0.5, 1, 1.5 and 2mm upstream using the line detection program Diamtrak Tail Cuff Plethysmography: Blood pressure was measured in restrained, conscious mice using the CODA tail cuff plethysmography system (Kent Scientific). Mice were acclimatised to the procedure for 5 consecutive days, followed by 6 experimental recording days whereby mice were subjected to 25 cycles of pressure measurements lasting 20s each with a 15s gap between each reading. Daily readings commenced at 8.30am to reduce circadian rhythmdependent variation in blood pressure and activity.
Radio Telemetry: Mice were anaesthetised with 5% isoflurane and maintained with 2-2.5% isoflurane vaporised in 150-200mL/min air, delivered by nose cone. Body temperature was maintained by a heat mat set to 37°C. A TA11PA-C10 blood pressure transmitter (Data Sciences International) was implanted through a small midline incision, with the catheter inserted into the left carotid artery and secured with silk sutures. The transmitter was placed subcutaneously over the right flank of the mouse and the wound area sutured. Mice recovered for 8-10 days before telemetry recordings commenced. Blood pressure was measured for 5 days using the DataQuest ART 2.2 Acquisition software, with scheduled recordings for 20s made every 2 minutes for the duration of the experiment.
Time spent in activity was calculated by the ratio of the number of times that activity counts per minute were greater than 0CPM (activity) to the number of times that activity counts per minute were 0CPM (inactivity). The intensity of activity was calculated by averaging all activity counts that were greater than 0CPM.
Plasma Renin Concentration:
Mice were lightly anaesthetised with isoflurane and 200μL of blood collected from the retro-orbital sinus into a heparinised capillary tube. Blood samples were treated on ice with a protease inhibitor cocktail (P2714, Sigma) as per manufacturer's protocol. Samples were centrifuged and the plasma supernatant removed and frozen for analysis. Plasma renin concentration was determined using a radioimmunoassay in duplicate samples (ProSearch, Claremont Avenue, Malvern, VIC 3144) according to previously described methods 9 .
Statistics: Unless otherwise stated, statistical comparisons between populations were made using one-way or two-way ANOVA, followed by Bonferonni corrections for multiple groups using the statistical software package Graph Pad Prism 5. Results are presented as mean±SEM and statistical significance was considered when P<0.05; n represents the number of animals. Cx40T152ATg ( Wildtype (7) Cx40T152ATg (7) Cx40ko (4) Heart Rate Wildtype (7) Cx40T152ATg (7) Cx40ko (4 Figure S2 . EGFP is expressed selectively in mesenteric arteries from Cx40T152ATg mice. Western blotting of mesenteric arterial homogenates show EGFP expression in arteries from Cx40T152ATg mice, but not wildtype mice. Positive control for EGFP is from a mouse expressing EGFP tagged with a nuclear localisation signal and therefore has a slightly higher molecular weight. MW; molecular weight marker. WT; wildtype. . Systolic blood pressure of wildtype, Cx40T152ATg and Cx40T152ATg/LacI R mice measured using tail cuff plethysmography Systolic blood pressure measurements using tail cuff plethysmography in wildtype (n=17), Cx40T152ATg (n=25) and Cx40T152ATg/LacI R (n=12) mice. *P<0.05 denotes significance relative to wildtype. †P<0.05 denotes significance relative to Cx40T152ATg mice. Activity levels and duration are significantly higher at night than day in wildtype, Cx40T152ATg and Cx40ko mice (A-C). Daytime increase in activity in Cx40T152ATg mice (A) reflects significant increase in activity levels (C) rather than time spent in activity (B . Changes in diurnal blood pressure/heart rate-activity relationships in Cx40T152ATg mice One-phase decay curves were fitted to the day (left panels) and night (right panels) relationships between activity and (A) systolic pressure and (B) heart rate for wildtype (blue; n=7), Cx40T152ATg (orange; n=7) and Cx40ko (green, n=4) mice. Data presented as mean±SEM for each activity level. *P<0.05 denotes significance of maximum value of curve fit relative to wildtype mice. †P<0.05 denotes significance of maximum value relative to Cx40T152ATg mice.
